r\LE COPY 
NO. 2-W 



CASE FILE 



N 52 65073 

ARR No. E4H22 



copy 

NATIONAL ADVISORy COMMITTEE FOR AERONAUTICS 



WARTIME REPORT 



ORIGINALLY ISSUED 

August 1944 as 
Advance Restricted Report E4H22 



PERFORMANCE TESTS OF NACA TYPE A FINNED -TUBE 
EXHAUST HEAT EXCHANGER 
By J. George Router and S. V. Manson 

Aircraft Engine Research Laboratory 



Cleveland, Ohio 



FILE COPY 

Tq be rutumid to 
the files ot the National 
Advisory lummittw 
tor Aeronautics 
WffitHngton a a 



NACA 



WASHINGTON 

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of 
advance research results to an authorized group requiring them for the war effort. They were pre- 
viously held under a security status but are now unclassified. Some of these reports were not tech- 
nically edited. All have been reproduced without change in order to expedite general distribution. 



E-97 



^^AilOKAL .fDVTSU?lY COi SUTTEE FOR AERO?:A;J^ICS 



ADVANGIi H.iSTiaGTn:D KEiORT 



i'EHfORrLANGS TESTS OF WAG A TYPE ^ F^I^WED-TbBE 
KXi-I/i^JST m\[\: EXCIIAj\?GER 
3y J. Geor^^o Renter r?.nd S. V. '''-^nson 



Tests have b'^en conducted to det:- r.ai cio t:ic tlvji'inai iac! 
pressure-droT.) perfomance and, to a lirLited extent, the iurab:!!-- 
ity of a cross-flovr, interr^ally finned, tubulfir exhavist-heat 
exchanger desLi^ned at tiie Aircraft Engine J-esearch Ijaboratcry^ 
The testvS* covc^^red a ranf;''e of exh'.n.ist-gas flows from 3^00 to 
7500 pounds per hour, cooling-air flows from 35GO to 9^00 pounds 
per hour, and exhaust-v^as teiiij';oraturf3S from 800^ F to 15'.50^^ F. 
The exhaust gas was produced "in a jpsolino corfcusti'.:ri furnace. 

The test I'esults show that this exchanger transfers 
2^^,000 Btu per hoi-.r at an exnaust-r^'^s floiv of IjOOO po^mds per 
hon.r and a ooolinj--air floi'j- of 3000 pounds per hour for an entrance' 
temperature difference of 1^00^^ F between the exhaust i^as and the 
coolin^>: air. The correspondinr pressure drop of the coolin:-: air 
is ar3 inches of '^rnte.r at stan'iard sea-level density and of the 
exhaust gas, Z.^ inches of v;atcr at sea-level pressure and l^^OO^ F 
entrance temperature • After 90 hourf. of oper-tion the test unit 
gave no indication of deterioration. 

INTRODUGTION 

The exhaust-[^.ns heat exchanger is of current interest as a 
moans noi only of providin^^ heated air for •aircraft- de-icinr. nnd 
cabin he-'^tinr but also of renderinr:! the exhaust t'.as invisib].e 
by reducing its temperatur'-^ . In the past few years 1 vnriety of 
designs have been constructed .^^-n l t?;sted lar.i'^ely mvier the sp'on- 
sorship of tne rl/lGA. (3ee rcf eronces 1 to 6.) The success of 
.mony of these investir^ations has created a growjjng interest In 
the .i^eneral inprovehient of the exhaust^-i^as heat exchanger. 

The r:roblern of the desir-n of an exhaust-heit exchanger is 
lar.-:rely a question of selectin"* a core structure that Co/nbines 
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lo.^ pr 83nrr; drops anr^ li.p h+n.:::s of ^'^^..ijht vath compgctnosp qnd 
d:ir.?bility . Conp?.ctn:'8s is naturally rimiied b?/ e:xc'^Bslv- pres- 
sur-. virops but it m?v b-; cblained to a iiiptMr fi£;greo Vtfith one core 
v^tructur''. th^^n with another of the same geri-r-?! tj-pe if proper 
oorivsidc ration is ,^iven to th- surface distribution r In '3ny iicat 
:xcha,n.-^?r tac heat dic^sip'^tioa f.-i;r unit volume is maximum vh-jn 
thi he?t conducta^ice on one side of the tr=-\nsfer ii:urfao is ^iqual 
to that on th.^ other 8idj. If th- h:at-trnrisf-r surfac'-.3 nnd fluid 
volocitios are such that thr. re cotiductanc ::5 are un-oqual, indirect 
transfer Siirfao<_. nay b. add^^^d to the inl'^rior sidt: and the flovj- 
passago dinensionr adjusted to pr-.v^ni. prohibitive pressure drops. 
Ir^irthcrmore, indir.:ct transfer sa>^f?ce adiod to th« cooling-air 
sJ.d'^: is subjected to ;io7f(^r teinper-^tures and hence is loss likely 
to deteriorate. 

On the basis of th^> forer^oin;; considerations, a cross-flov.- 
tubalar exhaust-heat exchangsr in vi'hich coolinr-air floys throu^^h 
the tubes y^?.s desir;:ned at the Aircmft Knglne Research Laboratory 
of the yk^A ai: CP.evel^'nd, Ohio, in the ^utuiv^a of 19).i;^. Within 
eacn tub=^ are lon-p-tudinal, continuous fine w::lded to t}ie inner 
vjall by a prccecs developed by the Brown Fi.n-Tube Company of 
Slyria, Ohio, vxno cone hructed Ihe entire uuitr The t\ib^" ends are 
?;elded into tnin header plates in ^ mr^nner intended to provide 
.flexibility a-eainst thenriai exj;aar.ion , Tabul^'r irjstead of plate- 
type construction 7:as c-iosen Docause of its greater strength and 
lesser susceptibility to warplnf-': res'iltinf? from aneven heating. 

The ^mit wns laboratory tested at AERL daring February and 
'■'.'^arch lS^);u for thermal and pressure-drop perf ordnance and, to some 
evitent;, for durability over a r^n-e --^f flaid flows and exhaust-^:a.s 
temperatures. The results of the^e tests are presented herein in 
the form of tables. and curves o 

I'^CA TYPE A HSAT-:XXCMANGSR TFST UNIT 

The details and r^eneral appearance of :ie-t exchanger 

are shoW;. in fij^3iires 1 and 2. Tae exchan /;er core consists of 
63 lovv^-carbon steel tiibes inserted in t'un header plates of the 
same materialr The tubes are -.tbout 10 incnes lonf: and have an 
outer diameter of Inch with a Tall thickness of 0.028 inchr 

Inside each tube eight continuous, lon;;;itidinal fins of low-carbon 
steel are welded, as shown in fig^ire Ic The fins are 0.018 inch 
thick, Ov»l86 inch high, and ec.f>ally spaced along the circumference*. 
The use of stainlesc.-steel materiel lor tu'.- entire unit would be 
preierable but availability consider- tions prevented such choice. 
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The tut OS are in stage® J^®^ arra ngement vith exhaust-gas flcir 
across seven banks of nine tubes each. These tubes are inserted 
into punched holes in the header plates and are flame -welded at 
the Junction tips^ as shoT/n in figures 1 and 2. This construction 
shouJ.d provide flexibility. The tube-end velds are exposed, to the 
cooling-air flow and are shielded froin the exhaust gas. This 
position of extended siu-^face and welded joints shcold favor the 
duj.*ability of the exchanp^er. 



The weight of this heat exchanger, as received from tlie fac- 
tory and as shown in figure 2, was 25,5 pounds including flanges 
and rib- strengthened plates covering the no-flow faces o Before 
the exchanger was moi^nted for testing^, the flanging was changed 
to provide a more convenient and leak-proof installation. The 
weight night be reduced oj the use of thinner nebal for tube walls 
and fins, but in this connection there is a question of durability 
that req.uxres fur^ther investigation. 



TEST SETUP 

A diagram of the tost setup is Eho\m in figure 3. The test 
eniipment consisted essentially of an oxhaust-gas producer^ the 
heat- exchanger test unit^ ducting^ flov/onetera^ and temperature- and 
pressure-measuring instruments. Soth the cooling air and the air 
required for combustion wore obtained from the laboratory combustion- 
air supply; the respective flows were controlled by pressure-regulated 
butterfly valves. The cooling air flowed tiirough the tubes and the 
exhaust gas flowed across the tubes of the excharger. Flow rates 
were meas^ored upstream from the exchanger by means of calibrated thin- 
plate orifices installed according to A.S.M.E. specifications. 

Entrance and exit fluid temperatures were measured by thermo- 
couples placed across each flow section at distances from the core 
faces as shora by figure 4. Cooling-air temperatir^^es were indi- 
cated on a self-balancing^ direct-reading po'Genticmeter: exhaust- 
gas temperatures wore indicated on a mnually balanced potentiometer. 
In the exhaust streeim wore quadruple- shielded chromel-alumel thermo- 
couples^ three at the entra.nce of the heat exciianger and three at 
the exit. One of each set of three was a General Electric thermo- 
couple; the other two were constructed at this laboratory with a 
spiral shield of four turns. The readings obtained from the tliree 
thermocouples at each station wore in good agreement. Unshielded 
iron-constantan thermocouples were used in the cooling-air stream, 
two at the upstream side of the exchanger and sets of six placed 
diagorially across each of two sections doTOS^ream from the exchanger. 



h 



ACA ARR No. £):H22 



Tlie test urit w^cf; enclosed in an inr.^ul-jtlnh'; cment 2 iDches 
thick. The insul^.tion w^s extended ^long enc:i duct beyond all 
thenriOCOMple stations to prevent error due to heat losses to the 
room. The entire duct betv^reen the exl^.aast-,^;:ao producer qnd the 
test mit was insulated in the sg^ne manner, ijpstre^-a of or e c.f^ 
•^,he doY'nstreax sections (station C) ^^'/ere rrdxing baffles, as in(ji« 
C9ted in fip;^jre )4, When ta- exliaust-gas tvenperaturr^ was hif-h 
(1<QG-^ F to lli'^O^ i') the in^^icated tempera tvrc- ^t st^^tior: G was 
about F lo'rrer tiian the indic^^ted temperature .at station B. 
Tnis differ';.'nce in in^.iicat -^ri temperatures decreased -^-ith exh^ust^ 
c-a- temDeraluro and T/as, in all cases, less Vrn 2 percent of the 
cuo]-inp-air temperature rise. wSlnce the insulation on the duct 
-.••ails prevented he-^t lOvjs ok sufficient ma-^nitude to cause appre- 
ciable tejopergt.^ re drop, tae diiference in temperature in-iicabions 
bet^'-'een stations and' C is attributed to radiation from the 
domistream header plate of the excha/ij-er to the thermocouples at 
station Do The therTiocoaples at station G co-ild r-ot be thu.s 
affected because of the shielding: effect of the baffles an^l the 
intervening 90^ elboy/c Tlie tempera-lure rise vTas com,,Aited from 
temi^eratures obtained from stations A and 3, because it v;as assamed 
tnat practically equal radiativ:>n effects existed at these i.v.o 
stations and that the error due to radiation vculrl be canceled in 
the temperature difference * 

Static pressures upstr-.^m and dorastream irom the exchaUv^^er 
were measured in both fluid et reams for stations at distances from 
the core faces raven in fip:ure At each station a pressure tai;) 
v.as installed ^t the center of e^ch face of ttie rectangular section 
The tour taps of each section m^ve connected throu['h a pie::omster 
riL.-^ to a mar^ometer. Press^ire-tap stations v.'-ere betv.,^een thenno- 
couV'le stations an.i the exchan.c^er. 

T'iST' PROOED^TRS 

The tests consist;:d of 12 series of nins that involved a tetal 
of about 90 hours of testing- time. In each series the fluid woii:':ht 
flo'^^s y-ere k-.pt as nenrly constant ?s oos'^iblc -ind the exhaust-gas 
entrance temperature 'yas varied in incremerits of about 200^ F by 
chans^in^/ the amount of c^asoline supplied to the exliai:sb-gas 
producer. Th-o cooli a>:>;-air inlet tem};eratur. thour^h not cont-r-olled 
remained nearly constant at 6.^^ F ±10^ F throughout the tests. 
The f'lel-nir ratio of tae exhaust ^as vari..:d from O.cal; to Oc02^^ 
depending on the exhaust-gas tcmperatu.res desired. 

The apr>roximate exhaust-gas flo/^s, the approxi-aate coolinr^- 
air f lows, and the ranc^e of ^■as-inlet teniir.rat;ures used are p;iven 
in th.; following table: 
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( 1 r-yhr ) 


Coo 
rat 


lin:;r-.9ir .t'lov-r 
(Ib/nr) 


Kgago of gas-ialet 
t^mp'.ratur'es (in stepp 
of aoDi-oxlmat ily 200'^ F 

rr) 


JO 


9.100 

7?00 

9': 00 


HOC to IJOO 
300 t;) ISOQ 
900 to li^OO 
9'''0 to T^^O 


5U00 





YliOO 


■)<0 to l.^O-:.; 
].00G to I'l^OO 
(\^0 '■,0 ].5'i^0 
8 JO to 13 "^0 




::;70o 
^).t^o 

7liOO 

9.!;00 


1250 to 1500 
1100 to 1!^0') 
1000 to IJOO 
900 to ll^O-j 



After th:. t'-sts, tiv;. unit "wan ch^xk-^d lor l';ak3'..;e unci .;r a 
pressur . of U incn.. s of :ii^-.rcaryr l\'o leaks ^cre det :-)ctod in tnc. 
core proper bat ? vslic-^ht 3.eak ■;?''^.s found in a 'roldod joint in tli3 
casing near a fl^ji^e. Under tiie l-^src-te.'rt prersare oi h irr''^-'\<^ 
of inercmy, the rrieasurcd flo^r through t:'ii2> le^k wos about 
0.001 oound I'er second, 

A.L1 the important date) obtained in the^e tests are siiTnri-irised 
in tp!?lp. I. 

All "♦"hc^ sy:n;ools ured j.n the ar^l^/^sis -^re define! belov/; 
Cp .specific hp^.t at onFtant pr^Ksi).rp, ('^t'i)/(rp)C'^'"') 
r-^te Oi' he^t r?;xch.aj.ire bet''"*^een flirids, (Bt^O/(j"^^) 

ro-flo'v l^npth, (in.) 
:-.ei^ht flor, (Ih )/(hr) 

:) static pref:;sure of j'l;iid ?it vntrni^cr of eychr^n:;^i;r, (in. Hg 

absolo te ) 

Ap pressure drop ^3cros5: c.r.ch.?nger , (in, 
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eo 



-t-^mper ature chan^-^e of fliid across exchaii.jer, C^F) 

1 emperature ch^.nre of exhr'^ust ga? roi-iputed frorri neat bal-r.nce 
equation J {-^Tp' = '^^a^p ^ V -^e"^p | 



AT 



coolinr; effecti -/eness of exch^inRer, 



heating effectiveness of exchanger;, 



[ " en en 



en 



en 



density of cocling air relative to st'^.ndard atmospheric 
density of C.u76s (3b*)/(ca ft) 

oen^^ii:.y of exhaust j..^s, (lb Kcu .f t) 

den5,dty of e--:haust pa:; at l^OC*^ F, 29o92 inches of mercury 
'?iid 3 fuel-air ratio of 0.0^, [(O^Oi;;): lb)/(cu ft}] 



Subscripts: 
a coolin^;-, air 
e exhaust c^as 
en entrance 
ex exit 



RSSULTS AIvD DlSCUSSlOIi 



Tliemal Performance 



Figure shows a plot of the heat dissipated by the exhaust 
gas against the heat absorbed by the cooling air, A value of 
Oo2.'4.1 was used for tJie specific neat of the cooling-air and values 
ranging frOiH Oo?.^h to Oc27ii v;ere used for the specific heat of the 
exuaust gas depending on the average temperature. The points in 
this figure v/ero calculv^ted from the relations 
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e I en e.x 

'•he s,ecific hent of exhaust gaL- TrvSumeJ the i-a.m.? as tJiat of 
'-^ir beoau?e of the extre^.e leanness of the exhaust-^ras raixturewS. 
An '^'Xcess of heat absorbed by the coo?Line air over that rHssipate^- 
by the exhaust gas at the hifh^-ir heat flows is shovn in the fi^^ure. 
The cause of this d.1 scref. anc^" is probably in the e.xhaust-p:as ^'tream, 
and for this reason tne then-ial perf oi^anc-? has b:^en evala-te'l from. 
iDeasureT'ients on ihe coolinp~air side. 

in figure 6 i:"^' ehoY-m the he^t output of the heat exchanger 
^.loi.te.' against cooling-air flov/ for exhaust-.jas flov/s of 'j>^:00, 
^MlOO, -and 7200 pounds per '\o'xv and for an entrariCe-temperature 
difference of IS'OO'"^ F. I'hese •/p1.i.'*;3 of heat output are the values 
of heat absorbed by the coolinr; air ar.- computed from test d^ta 
obtained at an exhaust-ras entrance temperature of al-jout 1^;00' F 
corrected to an entrrjnce-teinperat arc- di^'ference ox l^OC'^ F. The 
correction was made by Tneans of the follov;ing relation; 

en ' en 

Thi corresponding te.T.perature rise of the cooling air is sho-vvn in 
fit^ire ?• Examination of figures 6 and 7 indicates a cooling-air 
ternperature rise of )405^ F and a heat output of 293",UCO Ptu per 
hour fc;r an exhaust-gas f lo;r rate of 7200 pounds per hour (corre- 
si ending to engine op'jration at approximately 1000 xhp) and for a 
coo].inp-air flow of 3000 pounds per hour. At the saine coolin:^-air 
f lo'r but y^ith an exhaust-r:as flow of UOOO pounds per hour the 
cooldng-air temperature rise is ^^^0^ F and the heat output is 
2*^^,000 Btii per hour. 

iae cooling and heating effectiveness of the exchanger as a 
fu:iction of the fluid flows is shov.Ti in fi^-irn R. The heat in- 
effectiveness is defined as 

AT 

a 



en en 



Because tne temperature measurements on th/ cooling-air side are 
considered more reliable than those on the exhaust-gas side, the 
coolin;? effectiveness is defined as 
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AT^> 
r,^ = » 



(To) - (T^; 
en en 



v.'he3-e 

/AT ' = a:„ X 



The expression for AT^' is obtain ed from the he^t-bal^nce equa- 
tion ^ 

^ * e ■ 

Fi';;ure 6 i? basec' on d^^t'^ for eyhai^st^-en trance temperatires of 
1^0^)^ F to l^JO^ F, but it shoulc] apply for entrance temperatures 
of vr«JO ±2C0^' F ^itl-.ovit sorioas error« The heat-transfer process 
Is oalv slightly affected in this teiiperature range by the varia- 
tion wi.th tempera t'lre of tho c^^mbination of physical properties 
of the fluids involved w 



Pressur'^ frops 

The correlate .m of cool3n,--air pT'essure-drop d^ta is shoivn 
in fi wre 9o Because the pressure drop .is not onl;^:^ n fanction of 
wei-'-ht flor but also a function of density change, the experimental 
daM ^re. expressed in terr^is of a.p/'^a/'\ "^'^^ plotted arainst 

Or.x/o,_,^o The exponent 1«92 vas derived frorn pressure-^drop 

equr^tions given in reference- 7 -jnd is valj.dated by the l-nck of 
scatter shown in this correL-lion > The relationship thus estab- 
lisned is rep lot tod in fi>;ure 10 on logaribhn ic paper with the 
coviventional coordinates and for various values of '^ex/'^en '-''^i'"-^'^* 
for tiio cooling air, are equal to or less tnan unity-* The effect 
on .pressure drop of the riensity change in the exchanger is seen to 
be quile aonreciableo 

Figures 11 a^id 12 pertain to the pressure drop of the exhaust 

^?:as across the exchan'^^er and are analo:TOus to figures 9 10^ 

respectivelv. In this case the values of (P-o) /(Pe) ^^^^ 

ex/ en 

rreater than unity for noni-^othernal i]ow, because the density of the 
£36 increases when it flows through the exchanger. Figure 11 
shows a greater scatter of the test data than shoTO in fiijiare 9 



0 



i:^r t'.o cx»lii:g air; furt'ier::iore t..e ^^x:;unent ?.l of W^, ■■-Ici 
'.-•^.s found, to best, f.it the d^t^i, is j-reatf-^r t'^-m theory would inii- 
c^fce* Ko definite explan-'^ti-'^i can b-j offer^^c for the^ie conditionifi 
hovrever, during, the te^rts It war. noted that under some test condi- 
tions ^ vaistling sound ^vas i-roduced by the flow of the exhaust 
:>:a8 acrosr: t'le exchanger tubes. This condition wa^^ attended by 
err.:; tic behavior of the manonieters that measured t?ie pressure dro-.). 
i;otvfith8tandxn7 the f oregoinr considerations, it can be stated thnt 
th? c^arv3S of fifj'jire 1? represent the test values of pressure dro;:? 
■'^a.thin 0*^ inch of Yvater. 

Althou;^:! the therrnal and the pressur^i-drop performances shoT/n 
in i. inures 6, 7, l-S ^-I'^d '12 p.t ^ given for the test exchanr^-^^ 
Yith a no-flow lenf+h of 1;?«7.? inches, the curves ^.re, of course, 
applicable to any no-f^ow lenf;!:th of an othorvase identical exchan er 
if the heat outout ^4-^^+ arid the fld.d flows (Vv^) -^nd 

test 

(7Vo) are corrected iccordinp- to the follov/j.n»5 relations s 

' test 

and 

^-^-^ 12. 7.^: 

Yfhere K and rl cc?rrv.spond to iivr no-f].ow length in Indies • 



It lustration of the Use of Lo.^^rithmic Chai'ts 

In order t j deterfTiine the cooling;:- air pressure drop across 
the exchanpor from figure 10 whc^n the therm'^1 performance and the 
entrance temperature .and prorjsure of the i.^xchan>;^er are icnoyai, it 
is necessary that the terms 0,,^ and '^^yy^-n ^'^ first cvaluate^d* 
The value of j^^^ is obtained from the knovA: .entrance temperature 
and pressure. The density ratio is obtain .:'' from th ? expression 



1 - 



^ex _ en 



(1) 



(T^j + h60 
en 
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Since the valu-i of is beting soiu,ht, it is ?bsum^^d equ^l to 

zero ?'y3 the equation is solv-J for a first approxraation of 
0., /a v/hich vvhen applied to figur:; 10 together iwith the knowi 
val!ie'"'of coolin^^-air flow givus ^ valu3 of ^on^Pa* '^'^^ value 
of q,:..jr,Ap3 is divided by to ohtain a firrrt approximation 

of Ap^, v^iich is siibstitMtGd in equation (1) for a second approx- 
iTnnti.jn of a,.^a.^^. In n.c+u'^i practico the effect of Ap^ on 
a...ya,^ IS smn 11 except at hiv'h altitudes. Ordinarily, thr.r-fore, 

fzuf%/ oil ^ 

thts process of succossivo approxiTnati.on is li^utcd to on- or t;v\ro 
repetitions. 

^ne ns':- of figure 10 in djterminin;:;: the cooling-air pressure 
drop is illustrnted by an ex^-ipl'^ in v-hich it. is assumed that thv 
folloirin;^; op.?:ratinr^ condition:; ar'> knoivn:; 



1. noc;]ini;^-ajr flo^7, pounds ..-^r hour . • . . 

2. "-kh-^ust-Jivas ontranc^ t=?,:Tip' r-^ture, . . 
3e ^yhaijst-;-as flo;^;, pounds ];^.r hojr .... 
Ii. Coolin[^-^ir ontrance pro::^?ire, incjid^:; }^^;: 

5. Goo3iuN-;-^ir entranco t^-ap'iraturc, ^^F . . 

The coolin.:-'d.r i.rr-ssun. drof. is d:/tcrmlT\;./d as follows 

6. FroT it.:ms h an:i < ond defini.tion of 0 

■ 29.9 ■■•05 

8. Tt) ohtsin a fivs^- .'!,!;'.irox.ir.:'-)tion lor J.,./.),,;^^, up 



3000 
It^OO 

.UOOO 



j s ass;i.mvXl 



eq-!ial to zoro. Tnen fvo-n it-^i^is [iJ nnd '( '^nd equation (1); 



• X 



1 + 



).f^90 (first trial) 



9. From items 1 and B ar.d Xi.;^irc: 10; 

O...^Ap = inches of ?'at:.r 
c.n - ^ 



11 



](;. Frcrr. it_":E 6 and 



=6.1 (first trial) 



.Ic Cfcconi npproxj.imtion of '^e:c/^en ^'^'^ ^'-^ obtained fi'om 
-i terns Ji, 5, 7, and 10 r-nd equation (1), 

P,l 



(S'Ocond trial) 



\-x 1? X 13-6 G.:;60 



12, From it>-;;i:S 1 nnd 11 ar 1 fii<^.ir<5 10: 

'^en\'-'^a " '^^3 inches of v.-atcr 

13. Frooi it-nis 6 arrl 1?: 



^Va =^ b'^i5 (second trial) 

j-s obviovip that f'lrhh.-r r-3[V.. tition is unnecessary • 



T + 



Til-?. procc;iuro to b-.-; follov/ed in the usv of figured 12 to obt-^in 
th£: <:-j.xhai).st-f^''S prviss^iri drop is similar to that followed in obtain- 
ing the cooling-air pressure drop fron fiip:ur3 10. The ^.xit-to- 
entrance dciisit3'"--r^tio rf-lationsnip for the 3xliaust-ij;as side of the 
exchanger differs from th^t for the coolinc^-air sidi and is -^xpr^civVStj 
• .'• follo"^/rs: 

1 - 



1^ jgx ^ 

(Po> ' " 



1 - 



(T J + U60 

■' on 



12 



sum:jary of r^sut/ts 

1, The thermal output of the VAZc\ Ty^e A ex/iaust-heat exchanr-r 
;v3s 2^^, 000 otu per hour r-^t n cooling-air flow of 3000 pounds per 
hour nnd an exV^ust-gas flow of I4OOO pounds per hour. The pr-s- 
^Mrc dropr., under these co'iditions, wjr^--. i.nches cf ivater for 

thP cov-iir^p air at. se-'-l-vel density (0.u765 lb/ cu it) and 2.? inches 
of water for the exhaust ^as at KOO^ F and 2;^92 inches of niercury- 

2. Aft3r 90 'lOurs of o] eration Ihe heat e.rchan,:i:er , although 
constructed of Icr.v-'C^u-bon steel, showed no si.-ns of f i'^om 
therrrial str-ss imposed by exhaust i.emperatnres up to 1^00 J c 

There were no indications after the tests that tubes of 
thinner Y.fallf? could not have been used and the weie^ht reduced fron 
the present value of 2^:-.$ pounds « 

Aircrai't En.;;:'ne Research I.abcrato:'T* 

National .Advisory Corr.nittce for Aerona\itics, 
Cleveland, Ohio 
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TABLE I 

SUMMARY OP TEST DATA ON WACA TYPE A HliAT EXCHANGER 



Cool- 

Ing- 

alr 

flow 

rata, 



(lb/ 
hp) 



At 

entr- 
ance, 
(T.) 



Coollng-alr tem- 
perature 



an 



("F) 



At 
axit. 



Rise, 
ATa 



Heat 

-added 

to 

cooling 
air, H- 



(Btu/ 
hr) 



Exhaust 
gas flow 
rate, 



(Ib/'hr) 



Exhauat-gaa ten- 
peratui'e 



At 
entr- 
ance, 

(Te). 



exit. 



(°P) 



Drop 
AT, 



Sped f Ic 
heat of 
exhaust 
Ras, Cp^ 



(Btu)^^^ 



(lb)(^ 



Heat re- 
jected 

by 

exhaust 
gas. He 



(Btu/Kr) 



Heat 
balance 
ratio, 
He/H. 



(per- 
cent) 



Heating 
effec- 
tiveness , 



(percent ) 



Temper- 
ature 
change 
of 

exhaust 

(°P) 



Cooling 
effec 
tive- 
nessy 

^6 



(per- 
cent) 



Coolini 
air 
inlet 
pres- 
sure, 

(Pa) 
* en 



(in. Hg 
abso- 
lute) 



ig- Coollng- 
alr 



pres- 
sure 
drop, 
APa 



(In. 
water) 



Elxhaust- 
gas 
inlet 
pres- 
sure, 
(Pe) 



(in. Hg 
abso- 
lute) 
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Exhaust 
gas 
pres- 
sure 
drop 
AP( 



(in. 
water) 



Ratio of 
coollng- 
alr exit 
and 
entr- 
ance 
den- 
sities 



Ratio of 
axhaust- 
gas exit 
and en- 
trance 
den- 
sltiesy 



Pressure 
drop of 
cooling 
air, 

•en Pa 



(in. 
water) 



Pressure 
drop of 
exhaust 



AP. 



(In. 
water ) 



3530 
3575 
3660 
3660 
3600 
3600 
5435 
5490 
5395 
5405 
5250 
5250 
5480 
5425 
7235 
7200 
7250 
7210 
7165 
7265 
7265 
7260 
9380 
9275 
9250 
9265 
9255 
9350 
9200 
3410 
3405 
3410 
3410 
3415 
o580 
3595 
5505 
5505 
5500 
5495 
5495 
5290 
5295 
5280 
7375 
7310 
7450 
7310 
7415 
7345 
7416 
9470 
9470 
9470 
9470 
9510 
9300 
9380 
9225 
9290 



67 
67 
67 
68 
64 
64 
64 
63 
63 
63 
65 
64 
60 
60 
61 
62 
63 
64 
63 
65 
60 
62 
63 
64 
64 
64 
65 
67 
67 
69 
68 
70 
72 
72 
70 
70 
69 
67 
67 
72 
72 
70 
67 
64 
62 
62 
61 
61 
61 
56 
56 
54 
54 
55 
56 
57 
67 
68 



375 
375 
262 
263 
298 
315 
1C9 
174 
210 
213 
268 
265 
289 
290 
160 
162 
193 
196 
239 
245 
227 
232 
136 
168 
171 
194 
197 
220 
222 
262 
266 
328 
329 
381 
389 
389 
311 
309 
272 
229 
228 
327 
327 
326 
170 
169 
203 
205 
241 
241 
282 
211 
200 
145 
144 
161 
163 
188 
194 
230 



297 
298 
195 
196 
231 
247 
105 
110 
146 
150 
205 
202 
224 
226 
100 
102 
132 
134 
176 
181 
164 
.67 
76 
106 
108 
130 
133 
156 
157 
195 
199 
259 
261 
311 
317 
317 
241 
239 
203 
162 
161 
255 
255 
256 
103 
105 
141 
143 
180 
180 
221 
155 
153 
91 
90 
106 
107 
131 
127 
162 



252,000 
256,000 
172,000 
173,000 
200,000 
213,000 
136 , 000 
145,000 
189,000 
195,000 
250,000 
255,000 
295,000 
295,000 
173,000 
176,000 
230,000 
232,000 
302,000 
316,000 
286,000 
291,000 
171,000 
236,000 
240,000 
289,000 
296,000 
350,000 
347,000 
160,000 
163,000 
212,000 
214,000 
255,000 
273,000 
274,000 
319,000 
316,000 
268,000 
214,000 
213,000 
324,000 
324 , 000 
325,000 
182,000 
184,000 
252,000 
250, 000 
320,000 
317,000 
393,000 
352,000 
348,000 
206,000 
204,000 
242,000 
241,000 
295,000 
281,000 
362,000 



3620 
3685 
3680 
3680 
3600 
3600 
3495 
3495 
3480 
3480 
3345 
3450 
3495 
3485 
3435 
3435 
3345 
3345 
3425 
3390 
3425 
3505 
3490 
3390 
3340 
3335 
3335 
3390 
3335 
5345 
5345 
5405 
5395 
5415 
5355 
5315 
5415 
5406 
5385 
5395 
5395 
5300 
5335 
5340 
5305 
5385 
5480 
5445 
5485 
5485 
5405 
5425 
5460 
5530 
547 5 
6G05 
6885 
6940 
6025 
6910 



1481 
1488 
1099 
1099 
1257 
1335 
820 
850 
1074 
1091 
1367 
1364 
1472 
1473 
928 
962 
1147 
1184 
1454 
1485 
1397 
1400 
881 
1153 
1172 
1358 
1384 
1534 
1537 
934 
947 
1202 
1195 
1405 
1409 
1493 
1411 
1412 
1233 
1010 
1014 
1406 
1493 
1493 
836 
843 
1073 
1093 
1304 
1317 
1544 
1320 
1312 
065 
046 
918 
920 
1093 
1059 
1263 



1261 
1270 
935 
931 
1067 
1142 
669 
697 
869 
900 
1119 
1106 
1203 
1204 
743 
763 
923 
946 
1167 
1195 
1108 
1131 
702 
915 
932 
1073 
1086 
1211 
1221 
813 
034 
1056 
1064 
1256 
1320 
1329 
1224 
1224 
1064 
877 
074 
1294 
1297 
1296 
705 
722 
900 
925 
1106 
1103 
1315 
112C 
1110 
731 
710 
795 
794 
949 
911 
1083 



220 
218 
164 
168 
180 
193 
151 
161 
205 
191 
24P 
256 
269 
269 
185 
199 
224 
238 
287 
290 
289 
269 
179 
230 
240 
205 
290 
323 
316 
121 
113 
146 
131 
149 
161 
164. 
107 
100 
169 
133 
140 
192 
196 
197 
131 
121 
165 
IPO 
198 
214 
229 
200 
202 
134 
120 
123 
127 
144 
140 
100 



0.272 
.273 
.262 
.262 
.263 
.269 
.254 
.255 
.261 
.262 
.269 
.269 
.272 
.272 
.256 
.257 
.263 
.264 
.2^1 
.272 
.269 
.270 
.255 
.263 
.264 
.268 
.269 
.273 
.273 
.250 
.258 
.266 
.266 
.271 
.274 
.2''4 
.271 
.271 
.266 
.260 
.260 
,273 
.273 
.273 
.254 
.255 
.262 
.262 
.268 
.268 
.274 
.269 
.268 
.255 
.255 
.257 
.257 
.262 
.262 
•267 



217,000 
219,000 
158,000 
162,000 
171,000 
187,000 
134,000 
143,000 
186,000 
174,000 
223,000 
237,000 
255,000 
255,000 
163,000 
176,000 
197,000 
210,000 
266 , 000 
267,000 
267,000 
254,000 
159,000 
212,000 
211,000 
255,000 
267,000 
299,000 
207,000 
lCfi,000 
156,000 
210,000 
100,000 
219,000 
236,000 
230,000 
274,000 
275,000 
242,000 
106,000 
196,000 
270,000 
285,000 
207,000 
179,000 
166,000 
236,000 
240,000 
291,000 
314,000 
339,000 
304,000 
296,000 
189,000 
170,000 
218,000 
225,000 
262,000 
264,000 
332,000 



86 
86 
92 
94 
86 



90 
09 
86 
93 
06 
06 
94 
100 
06 
91 
00 
04 
93 
07 
93 
90 



90 
85 
83 
104 
96 
99 
08 
86 
06 
87 
86 
07 
90 
07 
92 
06 



90 
90 
94 
96 
91 
99 
66 
06 
OS 
92 
07 
90 
93 
09 
94 
92 



0.212 
.211 
.109 
.190 
.194 
.195 
.139 
.133 
.144 
.146 
.157 
.155 
.159 
.160 
.116 
.113 
.121 
.119 
.127 
.127 
.123 
.125 
.092 
.097 
.097 
.100 
.101 
.107 
,107 

!226 
,220 
.231 
.233 

!223 
.100 
.170 
.174 
.172 
.170 
.161 
.100 
.100 
.134 
.135 
.139 
.139 
.145 
.143 
.149 
.122 
.122 
.112 
.113 
.123 
.124 
.126 
.128 
.135 



256 
255 
179 
100 
211 
220 
153 
163 
208 
214 
280 
275 
310 
311 
197 
199 
261 
265 
325 
343 
310 
300 
192 
265 
272 
323 
330 
370 
381 
116 
118 
147 
150 
175 
107 
109 
218 
216 
107 
153 
152 
224 
223 
223 
133 
134 
175 
175 
217 
215 
265 
240 
239 
151 
149 
137 
136 
162 
158 
196 



0.183 
.181 
.173 
.174 
.177 
.174 
.202 
.205 
.206 
.208 
.220 
.212 
.220 
.221 
.227 
,221 
,241 
.234 
.234 
.241 
.232 
.230 
.234 
.243 
.246 
.250 
.250 
.257 
,259 
.134 
.134 
,130 
.133 
.131 
.132 
.133 
.163 

.161 

.160 

.162 

.160 

.158 

.156 

.156 

.173 

.173 

.173 

.171 

.174 

,172 

.179 

.188 

.190 

.185 

.189 

.158 , 

.158 

.157 

.159 I 

,164 I 



29.46 
29,55 
29.82 
29.82 
29.83 
29.03 
31.08 
31.08 
30.68 
30.68 
30.68 
30.83 
30.80 
30.00 
31.68 
31.68 
31.83 
31.78 
31.93 
32.03 
32.03 
32.48 
33.18 
33.23 
33.33 
33.53 
33.53 
33.68 
33.63 
29 . 58 
29.53 
20.63 
29.63 
2i*.68 
29.56 
29.54 
30.93 
30,93 
30.83 
33.68 
30.73 
30.56 
30.56 
30.57 
31.79 
31.79 
31.94 
31.94 
32.09 
32.09 
32.29 
33.79 
33.79 
33.29 
33'.29 
33.44 
33.39 
33.59 
32.97 
33.22 



5.8 
6.0 
5.4 
5.4 

5.6 
5.5 
8.9 
9.0 
9.7 
9.8 
9,8 
10.6 
11.0 
11.0 
15.2 
15.2 
16.0 
16.0 
16.9 
17.1 
16.7 
16.6 
23.2 
24.1 
24.2 
25.2 
25.2 
25.7 
25.9 
4.5 
4.6 
5.0 
5.0 
5.3 
6.2 
6.2 
12.0 
12.0 
11.4 
10.7 
10.8 
12.0 
11.8 
11.9 
16.2 
16.0 
16.9 
17.0 
18.0 
18.0 
18.8 
26.1 
26.4 
23.5 
23.5 
23.8 
23.6 
24.8 
24.4 
26.0 



29.38 
29,38 
29.47 
29.47 
29.47 
29.47 
29,88 
29.88 
29.58 
29.58 
29,58 
29.68 
29.68 
29.68 
29.58 
29.58 
29.58 
29,58 
29.58 
29.58 
29.63 
30.08 
29.58 
29.58 
29.58 
29.58 
29.58 
29.58 
29.63 
30.08 
30.08 
30.30 
30.38 
30.40 
30.30 
30.28 
30.48 
30.48 
30.38 
30.18 
30.18 
30,26 
30.28 
30.28 
29.99 
30.09 
30.29 
30.29 
30.49 
30.49 
I 30.69 
30.69 
30,69 
30,39 
30.39 
31.19 
31.19 
31.49 
31.02 
31.32 



2.8 

2.8 

1.8 

1.8 

1.9 

1.9 

1.3 

1.3 

1.5 

1.6 

1.8 

1.9 

2.1 

2.0 

1.4 

1.4 

1.5 

1.6 

1.8 

1.9 

1.8 

1.8 

1.4 

1.5 

1.5 

1.7 

1.7 

1.9 

1.9 

3.3 

3.3 

4.0 

4.0 

4.Z 

4.5 

4.5 

4.2 

4.2 

3.8 

3.3 

3.3 

4.4 

4.4 

4.4 

3.0 

3.0 

3.4 

3.5 

3.9 

3.9 

4,3 

4,2 

4.2 

3.4 

3.3 

4.6 

4.6 

5.2 

5.4 

6.7 



0.651 
,631 
.709 
.709 
.683 
.670 
.816 
.810 
,765 
.757 
.701 
.702 
.679 
,681 
,810 
.806 
,768 
.766 
.717 
,712 
,730 
.729 
,835 
.788 
.786 
.754 
.765 
,727 
,727 
.721 
.720 

• 663 
,663 
.622 

• 614 
.614 
•668 
.668 
.704 
.748 
.748 
.655 
.655 
.653 

• 805 
.802 

• 759 
.755 
•715 

• 716 

• 674 
•727 
•729 

• 797 
.800 
.787 
•787 

• 756 

• 762 

• 722 



1.120 

1.121 

1.112 

1.117 

1.117 

1.069 

1.131 

1.139 

1.149 

1.135 

1.149 

1.154 

1.157 

1.167 

1.153 

1.161 

1.157 

1.166 

1.175 

1.165 

1.182 

1.157 

1.162 

1.168 

1.170 

1.178 

1.193 

1.197 

1.182 

1.083 

1.075 

1.038 

1.077 

1.076 

1.080 

1.073 

1.100 

1.100 

1.100 

1.090 

1.100 

1.098 

1.096 

1.096 

1.107 

1.094 

1.116 

1.117 

1.116 

1.123 

1.112 

1.117 

1.122 

1.107 

1.106 

1.063 

1.092 

1.090 

1.093 

1.100 



5.5 
5.7 
4.8 
4.8 
5.0 
4.9 
9.2 
9.2 
9.9 
10.0 
10.0 
10.8 
11.2 
11.2 
16.0 
16.0 
16.9 
16.9 
17.9 
18.1 
17.7 
17^8 
25.6 
26.6 
26.7 
28.0 
28.0 
28.6 
28.8 
4.4 
4.5 
4.9 
4.9 
5.2 
6.0 
6.0 
12.2 
12.2 
11.5 
10.8 
10.9 
11.9 
11.8 
11.9 
16.9 
16.8 
17.9 
18.0 
19.2 
19.2 
20.3 
29.6 
30.0 
26.4 
25.4 
27.1 
26.9 
28.3 
26.8 
28 ^6 



2.8 

2.8 

2.2 

2.2 

2.2 

2.2 

2.0 

2.0 

1.9 

2.1 

2.1 

1.9 

2.2 

2.1 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

2.0 

2.0 

1.8 

1.8 

1.0 

1.8 

1.8 

1.8 

4.8 

4.7 

4.0 

4.0 

4.7 

4.7 

4.7 

4.6 

4.6 

4.6 

4.5 

4.5 

4.6 

4.5 

4.6 

4.7 

4.7 

4.5 

4.6 

4.5 

4.4 

4.4 

4.8 

4.0 

5.2 

5.1 

7.0 

7.0 

6.8 

7.4 

8.1 



TABLE I - Concluded 
SUMMARY OP TEST DATA OH NACA TYPE A HEAT EXCHANGER - Concluded 



Cool- 
ing- 
air 
flow 

"a 

(lb/ 
hr) 


Cool 1 
per 


ng-alr 


tero- 


added 


Exhaust- 
gas flow 
rate, Wg 

(Ib/hr) 


Cxhau 
per 

At 

entr- 
ance , 

(T- ) 
' en 

(°K) 


st-gas 

iture 

At 

exit , 
^■^"^ex 

(Op) 


tem- 


Specific 
heat of 


iHeat re- 
jected 
by 

exhaust 
gas, He 

( Bt\i/hr ) 


Heat- 
balance 
ratio, 
He/Ha 

( D 

cent ) 


Heating 
effec- 
tiveness, 
la 

{ pe rcent / 


Temper- 
ature 
change 
of 

exhaust 
gao, 
ATe' 


Cooling 
effec- 
tive- 
ness , 

I Per- 
cent ) 


At 

ance" 
(T ) 
* en 

(°P) 


At 

exit 
(°P) 


Tri 

(°P) 


cooling 

(Btu/ 
hr) 




Drop , 

(Op) 


exhaust 
Ras, cp^ 

( Btu)/ 
(lb)(°P) 


9275 


69 


231 


162 


361 ,000 


6900 


1267 


1093 


174 


0,267 


i. , \J\J\J 
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Figure 1. - Sketch of HACA type A heat-exchanger details. 



NACA ARR No. :iiH22 



Fig. 2 




Figure 2. - The HACA type A Internally finned tubular 
exhaust-heat exchanger. 
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- Diagram of test equ'i pnent . 
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Cooling air 
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Figure 4. - Di ogroffifnot i c sketch shouting positions of 

thermocouples, pressure tops, and baffle plates 
In heat-exchanger duct. 
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Fig. 5 
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Heat absorbed by the cooling air^ Btu/4ir 
Figure Heat balance of cooling air and e^aust gas. 
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Figure Heat output of the NACA tvpe A heat exchanger. En- 

trance-temperature difference^ 1500" F. 
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Figure 7*- Cooling-air temperature rise in the NACA type A heat 
exchanger. Entrance-temperature difference, 1600" Fm 
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Figure Cooling and heating effectiveness of the NACA type A heat exchanger^ 
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Fig. 9 and II 
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Figure 9,- Correlation of cooling-air pressure -drop data. 
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Figure 11.- Correlation of exhaust-gas pressure drop data* 
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Figure 10»- Pressure drop of cooling air across the NACA type 
A internally finned tubular heat exchanger. 
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Figure 12#- Exhaust-gas pressure drop across the NACA type 
A Internally finned tubular heat exchanger^ 



